Because grain is highly digestible, maize hybrids for silage production are generally chosen based on their
plant contains 50% or more of the whole plant biomass variation, 45 maize inbreds were evaluated for in vitro neutral deterand most of the fiber, which is much less digestible than gent fiber (NDF) digestion kinetic parameters using stem internode fiber in grain (Hunt et al., 1992) . For these reasons the tissue harvested at silking during 2 yr. Near infrared reflectance specstalk is the plant structure most commonly identified troscopy (NIRS) was also used to estimate NDF digestion kinetic as a potential target for genetic improvement. Genetic
parameters. Maize inbreds varied significantly in NDF concentration
variation for fiber concentration and dry matter digestand digestion kinetic parameters using either conventional in vitro ibility of maize stalks was observed by Albrecht et al.
analysis or NIRS predictions. Using NIRS predictions, inbreds varied (1986) , Dhillon et al. (1990), and Hunt et al. (1992) , and in NDF concentration from 497 to 662 g kg Ϫ1 dry matter (DM), rate decreases in fiber concentration are commonly correof NDF digestion ranged from 0.037 to 0.077 h
Ϫ1
, and extent of NDF lated with increased digestibility (Dhillon et al., 1990;  digestion was 525 to 735 g kg Ϫ1 NDF. The ranges for NIRS predicted parameters were less than those observed for the calibration data Hunt et al., 1992) . It is not known, however, if rate of set by conventional analysis. Correspondence between conventional fiber digestion can be altered through genetic selection analysis data and NIRS predictions were good, except for lag time.
or how selection for decreased fiber concentration or Digestion kinetics calculated from NIRS predicted residues provided increased extent of digestion will affect fiber digestion more precise predictions of lag time and fractional rate of digestion rate.
when compared with observations derived from conventional analyBrown-midrib mutants of maize are characterized by ses, than did direct prediction of these kinetic parameters. Correlations low acid detergent lignin concentration and produce between rate of NDF digestion and 18-h NDF digestibility (r ϭ 0.79) forage higher in fiber digestibility than normal maize or between potential extent of NDF digestion and 96-h NDF digestibilgenotypes (Lechtenberg et al., 1972) . Recent work sugity (r ϭ 0.95) were large enough that these two fermentation intervals gests that brown-midrib lignin has a lower degree of might substitute for conducting complete digestion kinetic studies with eight to 10 fermentation times. The substantial genetic variation polymerization than normal lignin (Lam et al., 1996) . among these maize inbreds shows good potential for development of Brown-midrib mutants have expressed faster fractional silage hybrids with improved fiber digestion parameters. Year and rates of in vitro fiber digestion than normal maize in year ؋ genotype interactions were significant suggesting that identifisome experiments (Muller et al., 1972) and had inconsiscation of superior inbred lines will require evaluations in multiple envitent effects on digestion rates in other studies (Thorsronments. tensson et al., 1992) . Poor agronomic performance of maize hybrids possessing the brown-midrib trait has limited its use in the production of commercially available U se of maize silage by ruminant livestock may be hybrids (Miller et al., 1983) . improved through genetic selection for decreased A key factor limiting the development of maize genofiber concentration or increased rate or extent of fiber types with improved digestion kinetics is the high redigestion (Jung and Allen, 1995) . Decreasing fiber consource requirement for analysis of digestion kinetics in centrations of forages can increase dry matter intake vitro. Near infrared reflectance spectroscopy (NIRS) is (Mertens, 1973; Waldo, 1985) and increasing fiber dia rapid method for predicting forage quality and has gestibility of maize can increase dry matter intake and been used successfully to estimate fiber concentration rate of gain for steers (Roth and Klopfenstein, 1987) . and in vitro dry matter digestibility (Villalobos et al., Theoretical models have also shown that increasing fi-1991; Gabrielsen et al., 1988; Marten et al., 1988 ) of ber digestion rate may improve fiber digestibility by forage grasses. If NIRS equations could be developed permitting a greater extent of digestion before particles that predict fiber digestion kinetics accurately, plant pass from the rumen (Allen and Mertens, 1987 mill. Lower internodes were selected because they are the diverse group of maize inbreds for differences in fiber most intensively lignified internodes in corn (Morrison et al., concentration and digestion kinetic parameters of the 1994) and therefore may provide the greatest opportunity to lower internodes of the stalk, (ii) determine the relation- chrometer with a range of 1100 to 2500 nm.
One field replicate of each inbred from each year was used for conventional in vitro analysis (90 samples). Samples were
MATERIAL AND METHODS
incubated at 39ЊC under constant CO 2 pressure using the in Forty-five maize inbred lines were grown at the Iowa State vitro procedure of Goering and Van Soest (1970) . Residues Agronomy Research Farm west of Ames, IA, during 1989 and were recovered after single incubations of 0, 3, 6, 9, 12, 18, 1990 for use in this experiment. The experiment was conducted 24, 36, 48, 72, or 96 h and analyzed for NDF by a modification in a randomized block design with four field replicates per of the technique described by Goering and Van Soest (1970) . year. A detailed description of growing, harvesting, and proModifications included elimination of decalin and the addition cessing procedures, plus a description of the genetic backof 2 mL of a 2% solution of heat-stable ␣-amylase during reground of the inbreds, was presented by Lundvall et al. (1994) .
fluxing. At 50% silking, the two lowest aboveground internodes were
The in vitro data were used to calculate digestion kinetic harvested from four plants from each replication, oven dried variables. Nonlinear regression techniques as described by Grant and Mertens (1992) were used to fit the residue data at 60ЊC, and ground to pass a 1-mm screen in a cyclone-type Table 1 ). The relationships between "Calibrate" with the modified partial least squares regression conventional analysis and NIRS prediction for rate and potenoption and two passes to eliminate outliers (Shenk and Westtial extent of NDF digestion, calculated from predicted fererhaus, 1991). The math treatment of 1, 4, 4, 1 (first derivative, mentation residues, are illustrated in Fig. 1 . gap over which derivative was calculated, number of data Both in vitro analysis and NIRS predictions show that gepoints used in first smoothing, and no second smoothing) was netic variation exists among these 45 maize inbreds for fiber used for all prediction equations (Table 1) . Digestion kinetic digestion kinetics. Significant variation among maize inbreds parameters were estimated by NIRS using two different methwas detected for NDF concentration and all digestion kinetic ods. One method involved directly predicting NDF digestion parameters, except lag time, in the conventional analysis data kinetic parameters for each sample. The second method inset (Table 2 ). All fiber traits, including lag time, varied among volved predicting NDF residues for each sample at all 10 inbreds for the two NIRS-based data sets (Table 3) . Year fermentation times used in the in vitro study and then calculateffects were significant for most fiber traits in all three data ing digestion kinetic parameters by fitting residues predicted sets and in the NIRS data sets, where the inbred ϫ year by NIRS to the same kinetic model used for the in vitro data.
interaction could be tested, significant variation due to this Values for NDF concentration and digestion kinetic paramgenotype ϫ environment interaction was detected for all fiber eters using in vitro data on one-quarter of the samples (contraits. The presence of a significant genotype ϫ year interacventional analysis data set) were statistically analyzed as a tion agrees with the findings of Lundvall et al. (1994) for randomized complete block design using the entry ϫ year other measurements of forage quality in these 45 inbreds and interaction as the error term and years as replicates. The suggests that accurate identification of inbred lines with supedigestion kinetic parameters derived from NIRS predictions, rior digestion characteristics will require evaluations in multiboth direct prediction and calculation from predicted times, ple environments. Dhillon et al. (1990) and Argillier et al. were analyzed as a randomized complete block design re-(1995) have also reported significant genotype ϫ environment peated over 2 yr. Correlation analysis was done on the conveninteractions for forage quality traits in maize inbreds and tional and NIRS data sets across inbred means (n ϭ 45).
hybrids. Procedures from the SAS statistical analysis package were used for all statistical analyses (SAS Institute, 1985) .
The presence of genotype ϫ environment interactions for forage quality may make breeding for improved quality in maize more difficult than in perennial forage species where
RESULTS AND DISCUSSION
such interactions are normally absent or small in magnitude (Buxton and Casler, 1993) . However, significant genotype ϫ The NIRS prediction equations developed from conventional analysis of one-quarter of the maize inbred samples environment interactions may exist in perennial forages as suggested in work with smooth bromegrass (Bromus inermis (484-726 g kg Ϫ1 NDF). The narrower range of NIRS predictions suggests that it may be more difficult to detect differences Leyss.) clones (Casler et al., 1987) . The smaller impact of genotype ϫ environment interactions generally observed in among genotypes using NIRS compared to reference analysis when a similar number of replications are used. However, the studies of perennial forages may be a reflection of the heterozygous and polyploid nature of most perennial forages due to ease of NIRS analysis allows more replications to be analyzed while using fewer resources. obligate out-crossing.
Because they are based on regression equations, NIRS preMaize inbred means for NDF concentration and digestion kinetics calculated from NIRS predicted residues represent dictions narrowed the range of the kinetic parameters compared to conventional in vitro methods. Using the convenfour replications per year for 2 yr (Table 4) , whereas only one replicate for each year was analyzed by conventional in vitro tional analysis data set (n ϭ 90), predicted concentration of NDF in the inbreds ranged from 478 to 651 g kg Ϫ1 DM. By analysis. Even though there was generally good agreement between conventional and NIRS predicted kinetic parameters comparison, the range for conventionally measured NDF among the inbreds was 466 to 700 g kg Ϫ1 DM. There was a of fiber digestion (rank correlations exceeding 0.93), typically only seven of the 10 genotypes identified as superior by either twofold range in fractional rate of NDF digestion determined by NIRS (0.037-0.080 h Ϫ1 ) compared with a threefold range method would be identified by the other. Buxton and Mertens (1991) found that significant bias can exist in NIRS generated from in vitro data (0.026-0.096 h Ϫ1 ). Indigestible NDF ranged from 147 to 301 g kg Ϫ1 DM for NIRS prediction compared data and suggested caution in the use of NIRS for detecting differences. They recommended that NIRS be used as a with 139 to 322 g kg Ϫ1 for conventional analysis. Potential extent of NDF digestion varied greatly among the inbreds for screening tool during breeding studies and that the selected subset of genotypes be verified by conventional analysis. both NIRS (516-722 g kg Ϫ1 NDF) and conventional analysis Inbreds within the LSD of the smallest NDF or INDF concentrations or largest fractional rate constant or potential (1994) showed that the range for forage quality traits among below the diagonal are for NIRS data (n ϭ 45).
inbreds increased with maturity. The range in stalk NDF concentration observed in this study is still greater than that previously reported for inbred lines (Albrecht et al., 1986) or with rate of digestion. The ranking of inbreds based on individual time point NDF digestibilities vs. actual determination of hybrids (Albrecht et al., 1986; Bures et al., 1992; Hunt et al., 1992) , and is of sufficient magnitude to affect the quantity of rate and extent of NDF digestion is illustrated in Fig. 2 . The two highest ranking inbreds for 18-h NDF digestibility were forage consumed by ruminant animals (Mertens, 1985) . We know of no other published data on variation among maize also the two with the highest rate of NDF digestion. Inbreds with the third and fourth highest 18-h digestibility inbreds inbreds for rate of NDF digestion. Casler et al. (1987) reported significant differences in rate of NDF digestion among smooth were ranked much lower based on actual rate of digestion, but the fifth highest inbred was the same by both methods. bromegrass clones that ranged from 0.049 to 0.065 h Ϫ1 . The range in rate of NDF digestion among the maize inbreds in While none of the inbreds ranked the same for 96-h NDF digestibility and extent of NDF digestion, the differences in this study was much greater and can be expected to markedly affect animal performance. Just as for rate, there are no other inbred ranking by these methods was small. Significant correlations were observed among the fiber dimaize data for comparing extent of NDF digestion. Digestibility of NDF after 48-h fermentations ranged from 420 to 605 gestion parameters measured (Table 6 ). Concentration of NDF was negatively correlated with both rate of NDF digesg kg Ϫ1 NDF among a set of 44 maize hybrids (Dolstra et al., 1987) . This observed range is of similar magnitude to that for tion and potential extent of NDF digestion. Rate of NDF digestion was positively correlated with potential extent of extent of NDF digestion of the 45 inbreds we examined.
Even though NIRS use can significantly reduce the time NDF digestion. And the observed correlations among these traits were generally similar in the NIRS and conventional and resources needed for estimating NDF digestion kinetic parameters in breeding studies, NIRS calibration still requires analysis data sets. In contrast to the correlations between rate of NDF digestion and extent of NDF digestion in the NIRS conducting eight to 10 time point fermentations by conventional analytical methods for each sample in the calibration data sets, Jung and Buxton (1994) reported almost no correlations between 24-and 96-h in vitro cell-wall neutral sugar set. We examined the correlations of rate and extent of NDF digestion with digestibility of NDF at each of the times emdegradabilities for these 45 inbreds. This result is more in agreement with the conventional analysis results (Table 6 ). ployed in our study as an additional way to reduce the number of in vitro fermentations that need to be done in ranking However, even for the NIRS data sets the correlations accounted for little of the variation between rate and extent of entries in breeding studies. Digestibility of NDF at all fermentation times, except the 3-and 6-h intervals, was significantly NDF digestion. This suggests that factors regulating rate of NDF digestion are at least partially independent of the factors correlated with rate and extent of NDF digestion (Table 5) . As expected, 96-h NDF digestibility was most highly correregulating extent of NDF digestion. Our data show that there is significant genetic variation for lated with potential extent of digestion. The situation for rate of digestion was less clear. The fermentation intervals from fiber digestion kinetics of maize stalks and that inbred lines from normal populations can provide variation equal to 12-to 36-h all had similar correlations of NDF digestibility 
